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Abstract 

In recent years, increased concern over global warming has put focus on the 
emissions of fossil CO2 into the atmosphere. Due to a strong relationship between 
the use of energy and the burning of fossil fuels, reducing society’s energy use has 
become increasingly important. In the energy intensive process industry, process 
integration is a field of research that has shown good results for decreased energy 
use in many industrial branches.  

This thesis is centred on the introduction of process integration to a new 
industrial branch for the field - the mining industry. With an overall aim to 
introduce process integration as a tool for increased energy efficiency of 
Loussavaara-Kiirunavaara AB (LKAB) in Kiruna, the application and development of 
process integration methods is presented. More specifically the thesis deals with 
process systems modelling by application of the MIND method (Method for 
analysis of INDustrial energy systems) and the optimisation of those models by 
MILP (Mixed Integer Linear Programming) optimisation.   

Among the results of this thesis are; the presentation of optimised operational 
strategy for utility boilers that can decrease fuel use with 7 %, the development of 
a new method for facilitated multi-period optimisation of dynamic systems and the 
proposal of a heat recovery installation in the mine ventilation system capable of 
decreasing the heating systems fuel use by 67 %.  
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1 Introduction 
In recent years, increased concern over the global environment in general and the 

global warming specifically has put a focus on the emissions of fossil CO2 and other 
greenhouse gases into the atmosphere. To be precise, the society’s energy use has 
been put in focus due to the strong relationship between energy utilisation and the 
burning of fossil fuels. In virtually all sectors of society, initiatives and debate 
concerning how to meet the threat of global warming can be noted. 

In Sweden, the industrial sector stands for 39 % (about 150 TWh) of the total 
energy use (Statistics Sweden 2011). This makes the industry a major contributor and 
an important sector for initiatives aimed at decreased energy use. In a highly respected 
paper, Pacala and Socolow (2004) identified seven important areas to be addressed in 
order to tackle the threat of global warming. Energy efficiency is one of those seven 
areas.  

When it comes to energy efficiency - process integration is a major field of 
research that has been around for more than 30 years (Kemp 2007), (Morar & Agachi 
2010). During that time process integration has evolved into a widespread and diverse 
collection of methods and tools (El-Halwagi 2006), (Klemes et al. 2010). More 
importantly, the methods of process integration have also reached industrial 
application in many different branches. Successful implementation of results from 
process integration research can be found in industrial branches ranging from kraft 
mills, refineries and chemical industries to the steel and food industries (Dunn & El-
Halwagi 2003), (Larsson & Dahl 2003), (Atkins et al. 2011). 

However, there are still many branches of industry where process integration is 
still unproven. The iron ore mining and upgrading industrial branch is one of those. 
Loussavaara-Kiirunavaara AB (LKAB), the main Swedish iron ore and iron ore products 
producer - has a long tradition of mining and iron ore upgrading into iron ore pellets. 
Through research and process engineering LKAB has established a strong position in 
the development of iron ore pellets production processes. Significant improvements in 
energy efficiency have been achieved. A 60 % decrease of the specific energy use in the 
production of pellets has been achieved since the 1970’s (LKAB 2007).  

As the individual processes get more efficient, further improvements tend to 
become harder to achieve. Also, in complex process systems such as the current 
system, important measures for increased energy efficiency might be hidden within the 
interaction of the processes. The complexity and high level of integration of the 
process at LKAB makes it an interesting and challenging system for a project aimed at 
introducing process integration methods and tools.  
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1.1 Purpose of the thesis 
The overall aim of the work presented in this thesis is to introduce process 

integration as a tool for increased energy efficiency at LKAB in Kiruna. To reach the 
overall aim the objectives of the work are; to identify suitable methods and when 
needed develop new methods, to develop process integration models capable of 
energy system optimisation, and finally to provide optimisation results that can reduce 
the energy use at LKAB in Kiruna. 

The papers appended to this thesis relates to the objectives as follows. In paper A 
the main methods and a number of potentially important optimisation targets are 
identified. In paper B a new optimisation method for facilitated analysis of dynamic 
systems is presented and applied to LKAB’s heating system and an optimised 
operational strategy is developed. In paper C two measures for improved utilisation of 
waste heat are evaluated - one aiming at power generation from waste heat and the 
other at decreased fuel use.  
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2 Process integration methods 
Process integration is a common term that applies to a number of methods for 

industrial process systems analysis. Process integration projects are often aimed at, but 
not limited to, improved energy efficiency. Whilst sharing name, the methods of 
process integration differ greatly in theoretical background, methodology and also in 
the area of application. The common name, process integration, refers to the common 
intention of taking a holistic (integrated) approach to industrial systems analysis and 
optimisation. In this section, a brief introduction to the field of process integration will 
be given.  

  With traditional process engineering great improvements to individual processes 
in industrial systems have been achieved over the last few decades. Whilst having both 
an impressive track record and large future potential –the improvement of individual 
processes and processing units however leaves an area of further improvement 
unattended – the interaction effects between the processes.  

A wider scope, including a larger part of the process system can reveal further 
improvements and in extreme cases even show that improvements to an individual 
process impairs other processes. Sometimes even to a degree where the positive 
effects are partly or completely cancelled.  Process integration methods all share the 
aim to provide methods for analysis and optimisation of complete process chains or 
groups of interacting processes.  

El-Halwagi (2006) describes the benefits of process integration: “ … the solution of 
individual problems must not be done in isolation of the rest of the process but rather 
in the context of how such problems interact with the rest of the process”. He 
continues with the following statement: “Since the process operates as an integrated 
system of units and streams, it must be understood as such and it must be treated as 
such. Recent research in the area of process systems engineering has led to a 
remarkable breakthrough referred to as process integration” 

It is important to note that whilst being able to detect and target improvements 
to process systems that are hard or even impossible with traditional process 
engineering – it is equally true to say the opposite. Process integration is in not a 
replacement to traditional process engineering. It is rather a complement.  

In the early days of process integration the term usually referred to pinch analysis 
- the first process integration technique that had an impact on both the research 
community and the industry. Even today the term process integration is sometimes 
used referring only to the various methods of pinch analysis. However, as early as 1993 
the International Energy Agency (IEA) gave the field of process integration the 
following, wider definition (Gundersen 2004): 
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"Systematic and General Methods for Designing Integrated Production Systems, 
ranging from Individual Processes to Total Sites, with special emphasis on the Efficient 
Use of Energy and reducing Environmental Effects". 

Currently, the field of process integration is dominated by two groups of methods 
- thermodynamic methods and methods based on mathematical programming.  

2.1.1 Thermodynamic process integration methods 
Among the thermodynamic methods, the principal method by far is pinch analysis 

and its variations. Pinch analysis, sometimes also referred to as pinch technology, is the 
subject of numerous books (Kemp 2007), (El-Halwagi 2006), (Klemes et al. 2010) and 
literally thousands of research papers.  

The origin of pinch analysis dates back to the 1970’s. In 1978 a research group at 
UMIST in Manchester, UK presented what is by many regarded as the blueprint of 
pinch analysis – “Synthesis of Heat Exchanger Networks: I. Systematic Generation of 
Energy Optimal Networks” (Linnhoff & Flower 1978). Since then pinch analysis has 
reached wide application and still is a highly active field of research.  

Traditional pinch analysis deals with the improvement of heat exchanger 
networks in process industries by finding the minimum heating and cooling demand. By 
selecting a minimum allowable temperature difference for heat exchanging in a 
process system - pinch analysis consists of finding a specific temperature, the pinch 
temperature, which acts as a divider for heat transfer in the system. For optimal 
performance of the heat exchanger network no heat transfer is allowed across the 
pinch temperature, no external cooling should be allowed for temperatures above the 
pinch temperature and no heating is allowed for temperatures below the pinch 
temperature. Instead the cooling and heating requirements should be satisfied as far as 
possible by heat exchanging on each side of the pinch point.  

Starting with the optimisation of heat exchanger networks, the concept of pinch 
analysis has since then grown into new areas of application. In 1989 El-Halwagi and 
Manousiouthakis expanded the concept into mass pinch – a method that applies pinch 
analysis to mass transfer rather than heat transfer (El-Halwagi & Manousiouthakis 
1989). Since then the areas of application of pinch technology have  been expanded 
with water pinch (Wang & Smith 1994), which in is an extension of mass pinch that is 
directed at waste water minimization and hydrogen pinch aimed at optimising the 
hydrogen distribution in oil refineries (Alves & Towler 2002). 

Pinch analysis is currently the most wide spread and applied process integration 
method in the industry. The popularity relying on the simplicity of the underlying 
concepts and the excellent track records in many projects worldwide (Milosevic & 
Eastwood 2010). 
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The other main thermodynamic process integration method is exergy analysis. 
Exergy analysis makes use of the concept of exergy coined by Rant (1956) as early as 
1956. In short exergy provides a measure of the portion of the total energy of a process 
moving from one state to another that can be converted to useful work.  

 In exergy analysis the concept of exergy is utilised to determine the 
thermodynamic performance of industrial processes. The lower the exergy losses – the 
more efficient the process is (Hammond 2004). The idea is to systematically analyse the 
process system from an exergy point of view. Then from the analysis, the most 
favourable energy optimisation targets are found and can be addressed.  

2.1.2 Mathematical programming  
In the field of process integration mathematical programming is a collective term 

for several diverse mathematical optimisation methods. Mathematical programming 
has a history dating back to the late 1930s (Todd 2002) and developing as a field of 
research in the 1940s.  The first application area for mathematical programming and 
optimisation methods was related to complex planning problems during the Second 
World War (Boddington & Baker 1990), (Danzig 2002).  

It can be noted that the word programming has nothing to do with the word 
programming from computer science. According to Danzig (1963), by many regarded as 
the father of optimisation in mathematical programming, the term programming 
comes from his days in the US Air Force where program was a term for the proposed 
schedules of training, logistics and deployment of combat units. 

Optimisation in this context means the systematic selection of the best utilisation 
of finite resources. While being different in characteristics and methodology – the 
different optimisation methods share some common concepts.  

The best solution is quantified by the objective function. The objective function is 
the target which is optimised. In many applications the object function is profit related 
quantities such as cost or revenue, but the objective function could also be energy 
utilisation, the production rate or pollutants emitted.  

The objective function, or the target for the optimisation, can either be minimized 
(e.g. cost or energy utilisation) or maximised (e.g. revenue or production rate).  

The objective function in any optimisation project is limited by a number of 
constraints. The constraints are the limitations that the analysed system is subject to. 
For an industry, constraints can be available amounts of raw materials, allowed 
emissions or the maximum number of operating hours for a machine, etc.  

In many industrial cases it is desirable to pay attention to more than one objective 
function (Goel et al. 2007). The idea of a holistic approach in many cases means that 
the optimisation needs to take more than one objective function into account. A 
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common way of handling multiple objectives in optimisation projects is the use of 
Pareto-optimal solutions (Marler & Arora 2004).  

A multi objective solution can be said to be Pareto-optimal if a better solution to 
one of the objective functions cannot be achieved without impairing the solution to 
another objective function.  If a number of Pareto-optimal solutions are calculated a 
Pareto-front can be composed. The Pareto-front illustrates the trade-off relation 
between the optimality of different objective functions. For a two objective functions 
scenario with a Pareto-optimal behaviour a Pareto-front can be illustrated as in Figure 
1. In the figure a number of Pareto-optimal solutions to objective A and B are shown 
together with a number of non-Pareto optimal solutions.  

 

  

Figure 1 Illustration of the Pareto front in a minimisation problem with two objective 
functions f1 and f2. The points A and B are Pareto optimal. C is not since an improvement 
of f1 can be achieved without increasing f2 and vice versa.  

The methods of optimisation, or mathematic programming, are divided into 
different classifications depending on the mathematical characteristics of the 
optimisation problem being formulated. Amongst the methods, but not limited to, are 
Linear Programming (LP), Integer Programming (IP), Mixed-Integer Linear Programming 
(MILP),Non-Linear Programming (NLP) or Mixed-Integer Non-Linear Programming 
(MINLP).   

The choice of optimisation method is closely connected to the properties of the 
process system being analysed. In Modelling languages in mathematical optimization, 
Kallrath (2004) identifies a number of application areas for mathematical programming 
and propose a list of optimisation methods recommendations for each application 
area, (Table 1). 
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Table 1 Table showing a selection of application areas for mathematical optimisation 
and suitable optimisation methods proposed by Kallrath (2004). The application areas 
that relates to the work in this thesis are highlighted with bold face. 

Application area Optimisation 
method 

Production planning (production, logistics, marketing) MILP, MINLP 
Sequencing problems (putting activities in order) MILP  
Scheduling problems (planning activities subject to resource 
limits) 

CP 

Allocation problems (resources to orders, people to tasks) MILP, CP 
Distribution and logistics (supply chain optimization) MILP 
Blending problems (production and logistics) LP, MILP, NLP, MINLP 
Refinery planning and scheduling NLP, MINLP 
Process design (chemical and food industries, refineries) MINLP 
Engineering design (all areas of engineering) NLP, MINLP 
Market clearing problems (energy markets) LP, MILP, NLP 
Portfolio optimisation (production, energy industry, finance) MILP, MINLP 
Selection an depot location problems (strategic planning) MILP 
Investment and de-investment problems (strategic planning) MILP 
Network design (planning, strategic planning) MILP, MINLP 
Financial problems (strategic planning) MILP, MINLP 
  

In the work of this thesis the mathematic optimisation method applied is MILP.  

 

2.1.3 Mixed Integer Linear Programming 
Before addressing the work flow and practical concepts of the work in this thesis a 

brief explanation of the mathematics of the optimisation method applied is needed. 
Consider an optimisation problem in which the objective function and all the 
constraints are linear. Such an optimisation problem can be mathematically formulated 
as: 

min or max:  f(x1 , x2, . . . ,xn)= c1x1 + c2x2 + . . . + cnxn  

Where all c1 . . .  cn are constants 

The constraints to the problem can furthermore be formulated as: 

  g1(x1 , x2, . . . ,xn)  = Z1  (equality constraint) 

g1(x1 , x2, . . . ,xn)  > Z1 (inequality constraint) 

g1(x1 , x2, . . . ,xn)  < Z1 (inequality constraint) 
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In LP, the variables are strictly continuous whilst in MILP integer variables are also 
allowed. An integer variable is a variable that can have solely the value of a natural 
number (e.g. 0, 1, 2, etc). This is very useful for problems where certain variables need 
to be limited to whole numbers such as number of units.  

Consider the optimisation of a production line where the optimal solution to an 
optimisation problem suggests the production of 3.39 units utilising 1.3 machines of a 
certain type. Such a solution in many practical cases means nothing. Assume that the 
units are steel beams and the machines correspond to the number of welding 
machines needed - the answer to produce 3.39 steel beams and to utilise 1.3 welding 
machines for the task makes no sense.  

In this case we need to limit the variables corresponding to the number of 
produced steel beams and the number of welding machines integer values. Allowing 
only integer values for some variables in optimisation problems is essential for many 
industrial applications. Any real case in which only complete units of a resource, 
product or piece of equipment is acceptable requires integer values. 

Integer values also make the optimisation of non-linear relations possible. By 
allowing a variable in the system to follow different function values at different 
intervals, in the problem formulated, a non-linear behaviour can be approximated. In 
Figure 2 a non-linear function has been approximated by utilisation of two linear 
functions. 

 

 

Figure 2 Linearisation of a non-linear function with two linear functions in the intervals  
0 < X < 5 and 5 < X < 10. 
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Another application of integer variables is the use of binary variables, also called 
on/off variables. A binary variable is an integer variable that either has the value 0 or 1. 
Binary variables in MILP optimisation are often used to switch equipment on or off or 
used as decision variables.  
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3 Process system modelling  
Whilst the mathematics is necessary for achieving usable results from 

optimisation projects it is equally important to correctly characterise industrial system 
to be optimised. This transfer from a real-world industrial system includes identifying 
the systems basic objects and the variables and constraints needed to formulate the 
mathematical programming problem.  This transfer is in this thesis referred to as the 
modelling or the modelling phase.  

The relationship between the modelling and the optimisation or mathematical 
programming can be summarised as: The modelling shall provide the correct equations 
for the mathematical programming to solve (correctly).  

The value of the optimisation results is equally dependent on a relevant transfer 
of the real world system into the mathematical model as it is of the mathematical 
programming. This requires a great deal of attention. Compared to mathematical 
programming, the modelling has made a significantly smaller scientific footprint. Most 
scientific papers in the field focus on issues regarding how to characterise a specific 
industrial process or the mathematical theory rather making an attempt to formalise 
the workflow of the modelling phase.  

A major challenge is to model the industrial system with sufficient detail. 
Sufficient detail means capturing the essence of the system without getting caught up 
in the details. Too much detail can render the modelling phase impossible to overcome 
or the following optimisation problem cumbersome or even impossible to solve.  

Successful modelling requires a fair amount of process knowledge. This is a key 
issue to any process system modelling project. Company staff with a high level of 
process knowledge and the people involved in the modelling, must be able to 
communicate and transfer knowledge efficiently. Nonetheless, even with a systematic 
approach and good communications, the art of modelling requires a great deal of 
craftsmanship and experience to be done correctly and even more so - efficiently.  

3.1 The MIND method 
In this thesis the energy system modelling has been based on a method named 

MIND (Method for analysis of INDustrial energy systems). In this section an overview of 
the historical background and the basic workflow of MIND is presented. The practical 
application of the method is provided in the appended papers B and C. In dept 
descriptions of the background, history and workflow of MIND have been published in 
the past (Heidari Tari & Söderström 2001), (Ryman et al. 2008), (Karlsson 2011).  

The MIND method was originally developed at the University of Linköping in the 
1990’s. The driving force behind the development of MIND was to facilitate energy 
systems modelling by creating a systematic approach.  Originally developed for 
modelling of industrial energy systems MIND has been successfully applied in 
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optimisation projects targeting other aspects of industrial systems (Tari & Söderström 
2001) (Karlsson & Mardan 2010). During the last ten years, the development of the 
method has also been ongoing at Luleå University of Technology in cooperation with 
staff at the University of Linköping.   

The method is closely tied to a specialised piece of software developed by the 
scholars working with MIND – reMIND (reMIND home page 2011). The software is 
specifically developed to facilitate modelling in accordance with the MIND method. In 
the modelling phase, reMIND acts as a graphical interface equation editor for MILP 
problems. A strong element of reMIND is that the graphical interface assists 
researchers to focus on the unique characteristics of the system to be modelled rather 
than formulating the mathematical relationships.  

Currently, a joint project group with members from Luleå University of 
Technology, the University of Linköping and Swerea Mefos, is coordinating the future 
development of the software and method. 

 

 

Figure 3 The MIND workflow in overview. 

The workflow of MIND based modelling can be illustrated as shown (Figure 3). The 
model development starts with a preparation phase. In the preparation phase the 
system to be modelled and optimised is thoroughly investigated.  Typical activities are 
characterisation of equipment and processes, heat and mass balance calculations, 
gathering of thermodynamic properties, process data and know how. It is in this phase 
that an understanding of the system is created and data needed for the modelling is 
retrieved.  
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5. Output processing
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7. Result
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Heuristics

MILP formulation
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The second phase consists of refining all data and knowledge collected in the first 
phase. The important relationships and characteristics are determined and defined 
mathematically. The objective function, constraints and boundaries are also decided on 
and mathematically defined. Non-linear relations are linearised and choices regarding 
the level of detail and approach to dynamic system behaviour are made.  

In the third phase the mathematical definitions from the previous phase is 
transformed into a MILP formulation. In most MIND based projects the reMIND 
software is often used, but it is fully possible to create the MILP formulation in any 
software capable of creating solvable MILP formulations. That also includes an ordinary 
text editor. The output from this phase is a MILP formulation of the problem to be 
solved in an optimisation solver.  

In phase 4 the MILP formulation is solved with a MILP solver software. The solver 
output is processed to make detailed analysis possible. This is done in phase 5. In phase 
6 the results are analysed and the model is validated. Any need for changes or 
corrections brings the modelling back to the preparation phase, the calculation phase 
or the modelling phase. 
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4 The process system of LKAB in overview 
The LKAB facility in Kiruna, briefly shown in Figure 4, includes the whole chain of 

processes from iron ore mining to the pelletising of products ready for iron making 
around the world. The mine in Kiruna is the world’s largest underground iron ore mine, 
known for its extremely high iron content. The mine outputs around two-thirds of the 
total LKAB iron ore output.  

The mining and iron ore upgrading is a highly integrated process chain operated 
more or less 24 hours per day 365 days a year. Supporting the process chain a vast and 
complex system of support functions are co-located providing material, energy, 
process water, and other resources used in the iron ore upgrading processes.  

 

Figure 4. An overview of the central units of the iron ore upgrading system of LKAB in Kiruna 
including the transportation (LKAB 2007). 

The scale of the mine and process chain is incredible in many ways. Apart from 
operating the world’s largest iron ore mine, LKAB is the largest electricity user 
nationally with its annual 2 TWh consumption. Moreover, in the area of 2 TWh of oil 
and coal is used in the processes. The process water system pumps up around 39 
million cubic metres of water annually. The mine holds 400-600 km of paved 
underground roads. The cylinder shaped rotary kilns in the pelletising plants are in the 
scale of around 40 metres long and 8 meters in diameter.  
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The process chain starts with the mining of crude ore on the main haulage level, 
currently approximately 1045 m below ground level. On the main haulage level, the ore 
is then coarsely crushed before being hoisted up to ground level.  

The following step in the processing chain is the sorting plant where the iron ore is 
separated from gangue in several steps of crushing and dry magnetic separation. After 
sorting the ore is transported to one of the three concentrating plants where further 
concentration and refinement of the ore is undertaken by crushing and wet magnetic 
separation before being processed in a reversed flotation process to reduce the 
phosphorous content.  

From the concentrating plants the ore concentrate is pumped to one of the three 
pelletising plants. In the pelletising plants additives and binding agents are mixed into 
the concentrate before it is transported to the balling units where the concentrate is 
formed to about centimetre sized spheres called green pellets. The pellets are then 
transported into one of the grate-kiln sintering furnaces for heat treatment.  

4.1 Process description - The sorting plant 

4.1.1 Material flow 
Coarsely ground ore arrives at the sorting plant by means of conveyor belts. The 

sorting plant consists of five parallel process lines. The process lines each serve 
different recipients in the process chain. In the sorting plant the ore passes through 
several steps of crushing and separation. The steps consist of grinding, sizing and 
magnetic separation. Output from the sorting plant is concentrated feed in sizes of 0-
120 mm with the main part having a fraction of around 10 mm. The concentrated feed 
is then transported to the concentration plant for further refinement. Table 2 outlines 
the total material supply of the sorting plant. 

Table 2. Material supply, sorting plant 2008 (Lahti et al. 2009) 

Material in [kT] 

Crude ore 25 817 
Process water 2 102  

  
Material out   

Concentrated feed  to concentrating plants 12723 
Concentrated feed  to Svappavaara 4099 
Concentrated feed  for shipment 1084 
Process water outlet 2 102 
Gangue 7911 
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4.1.2 Energy flow 
Primary energy is supplied to the sorting plant in the form of electricity, 

compressed air and district heating. The main secondary energy carrier for the sorting 
plant is process water at an elevated temperature. Energy leaves the sorting plant 
mainly in the form of heat. The heat losses are mainly due to the export of ore and 
process water at elevated temperatures leaving the plant along with heat losses to the 
surroundings during winter.  

The dominant primary energy carrier is electricity. The electricity is mainly used 
for conveyor belts, crushers, fans and pumps - ordered in decreasing installed capacity. 
These main electricity users comprises of 89 % of the total installed capacity in the 
sorting plant (Lahti et al. 2009). District heating is mainly utilised for the building heat 
demand during the winters and compressed air is used in the process. Table 3 shows 
the primary energy supply for the sorting plant for 2008.  

Table 3. Primary energy carriers, sorting plant 2008 (Lahti et al. 2009)  

Primary energy carriers  
Share [%] 

Electricity  85% 
District heating  5% 
Compressed air  10% 
Total  100% 

4.2 Process description – The concentrating plants 

4.2.1 Material flow 
The main task of the concentrating plants is to remove gangue and to remove 

phosphorus from the ore. The iron ore entering the concentrating plants undergoes 
grinding and separation in multiple steps to reduce grain size and to increase the iron 
content. The slurry is then transported to the flotation lines where phosphorous is 
removed by reversed flotation. After flotation, the iron ore in the form of water-ore 
slurry, the pellet feed, which is sent to the pellet plants. Additives for the pellets plants 
are also prepared in the concentrating plants (not included in the material balance).  

A vast amount of process water is used in this process step. Water is supplied to 
the process partly by internal circulation and partly by the addition of process water 
from the surrounding process water system. Table 4 outlines the total material supply 
of the concentrating plants. 
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Table 4. Material supply, concentrating plants (2008) (Lahti et.al 2009) 

Material in [kT] 

Concentrated feed  12 723 
Process water 80 021 

  
Material out   

Pellet feed 11 337 
Process water in pellet feed to KK2/KK3 4 617 
Process water outlet 75 404 
Gangue 1386 

 

 

4.2.2 Energy flow 
Similar to the sorting plant primary energy is supplied to the concentrating plants 

in the form of electricity, compressed air and district heating. The main secondary 
energy carrier for the sorting plant is process water at an elevated temperature. Energy 
leaves the sorting plant mainly in the form of heat. The heat losses are mainly due to 
the export of ore and process water at elevated temperatures leaving the plants along 
with heat loss to the surroundings during winter. Table 5 shows the primary energy 
supply for the concentrating plants for 2008. 

Table 5. Energy Primary energy carriers, concentrating plants 2008 (Lahti et.al 2009) 

Primary energy carriers 
Share 

[%] 
Electricity 96% 
District heating 3% 
Compressed air 1% 
Total 100% 

 

4.3 Process description – The pelletising plants 

4.3.1 Material flow 
In the pelletising plants additives and pellet feed are mixed in large tanks. The mixture 
is then dewatered and binder is added to enable the rolling of green pellets. The rolling 
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is done in big rotating drums followed by size separation. Undersized pellets are 
returned to the drums and oversized pellets are crushed before being returned. Green 
pellets of the correct size (10-12 mm) are transported to the pellets induration 
furnaces. All three furnaces at the site are of the Grate-Kiln type. The name Grate-Kiln 
refers to the two main parts of the process, see Figure 5, the third part is the cooler.  

 

 

 

Figure 5 An overview of the material and air flow in the Grate-Kiln process. Coloured arrows 
denote hot air flow directions and hollow arrows denote material flow. 

In the Grate-Kiln, the pellets are loaded as an evenly thick bed into the travelling 
grate. The travelling grate consists of four different zones of increasing temperature. 
The task is to dry and preheat the pellets. This is achieved by the blowing of hot air and 
hot off-gases through the pellets bed. The next part, the rotary kiln has the task of 
finalising the heat treatment by sintering the pellets. The finalised product then drops 
into the cooler where the pellets are cooled and the heat is recovered.  
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4.3.2 Energy flow 
In the induration furnaces, the main carrier of energy is not the fuel being used in 

the burners of the rotary kilns as could be expected. Instead, the main carrier of energy 
is the exothermal oxidation of the magnetite (Fe3O4) content of the green pellets into 
haematite (Fe2O3) releasing chemical energy as heat. With a 52 % share of the total 
energy input to the pelletising plants the magnetite content of the ore is an important 
contributor to the total energy supply to LKAB. The pelletising plants are also supplied 
with electricity, oil and coal. From an energy point of view the Grate-Kiln processes are 
highly integrated with re-circulating flows of energy. Hot air from the cooling of the 
sintered pellets is reused in the first three zones of the travelling, (Figure 5). The hot 
off-gases from the kiln are used in the last zone of the travelling grate. Table 6 shows 
the primary energy supply for the concentrating plants for 2008. 

Table 6 Primary energy carriers, pelletising plants 2008 (Lahti et.al 2009) 

Primary energy carriers Share [%] 

Magnetite oxidation 52% 
Coal 19% 
Oil  14% 
Electricity 8% 
Compressed air 0% 
District heating 6% 
Total  100% 

 

4.4 Support systems and media 
The industrial system also includes many other functions with the task of 

supporting the mining and ore upgrading processes. These functions include the 
process water system, the heating system, a compressed air distribution system, but 
also workshops, storage, offices etc. The most important of these functions from an 
energy point of view are the process water system, the heating system and system for 
distribution of compressed air. 

4.4.1 The process water system 
The process water system is an integrated system of several interconnected 

subsystems. The system has several important tasks within the industrial system. 
Besides providing process water for the iron ore upgrading processes such as grinding 
or flotation, the system also has the task of constantly evacuating ground water from 
the mines. Depending on the season, volumes in the area of 10-20m3/min of ground 



21 
 

water is pumped from the main pumping station in the mines. The process water 
system is a large energy user, mainly in the form of electricity used for pumping water 
into and within the system.  

4.4.2 The heating system 
The heating system is essentially a local district heating system. Different aspects 

of the heating system are the main topic of paper B, where a detailed description of 
the heating system can be found. In this context a brief introduction to the heating 
system is given. 

The heating system is an integrated system that connects all parts of LKAB in 
Kiruna. An overview of the system is presented in Figure 6. The heating system 
provides heat for the production processes, the mine ventilation and buildings. The 
main part of the heat delivered in the system is for internal use. However, the heating 
system also has the option of import or export heat to/from the municipal district 
heating system of Kiruna operated by TVAB (Tekniska Verken AB).  

 

Figure 6 The figure shows an overview of the heating system. Heat sinks are presented in 
blue, the boiler centres are presented in red. Equipment, heat transfer paths and 
limitations are presented in black.  

The heat supply in the system is dominated by waste heat boilers in the three 
pelletising plants. The waste heat boilers work by thermal energy from the flue gas of 
the pellets induration furnaces. Optionally, heat can also be produced in any of the 
utility boilers located in the boiler centres at the industrial site. The annual heat 
demand of the heating system is in the area of 150-200 GWh.  
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5 Summary of appended papers 

5.1 Paper A: Adaptation and development of process integration 
tools for an existing iron ore pelletising production system 

This paper was presented at the PRES 2008 conference in Prague,in the  Czech 
Republic. The paper is the first paper from the research project. As such it forms the 
basis of this thesis. The paper is essentially an overview of the LKAB production system 
in Kiruna and a description of the work planned in the project. 

The core of the paper is the description of the work flow and modelling strategy 
that is planned for the project.  The modelling strategy described is based on an 
incremental development strategy inspired by software design methods. The 
incremental development strategy is described as follows: “Incremental planning, in 
this context, means that the model will be built in several well defined sub-projects. 
For each increment the requirement is that a validated and verified model must be 
achieved before moving on to the next increment. 

Through incremental planning the modelling work can start early with just one or 
a few key processing units per increment. When the model of the first increment is 
finished, it can be validated and verified. If the model passes validation and 
verification, the next increment is planned. With each increment, the system boundary 
is expanded, including one of a few more processing units. 

By expanding the model incrementally one processing unit or a few processing 
units for each increment, the work can be undertaken with focus on a minimum set of 
problems at any given time. Less problematic verification and validation is also 
expected by using this strategy. Since the amount of new information in every 
increment will be relatively small.” 

A potential need for development of new methods is identified in the paper. The 
paper also attempts to single out the most important targets for optimisation in the 
process system. The targets identified are:   

 The pelletising plants 
 Waste heat utilisation  
 The process water utilisation 
 The mine ventilation system 
 The heating system 
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5.2 Paper B: A new optimal solution space based method for 
increased resolution in energy system optimisation 

This paper is submitted to Applied Energy. Currently the revised version of the 
paper is under review since October 2011. The paper describes a new method, the 
Optimal Solution Space Method (OSSM). The new method is then applied to create an 
optimisation model of LKAB’s heating system in Kiruna with the task of optimising the 
boiler utilisation. Results show that fuel savings of 7 % are possible with an optimised 
boiler operation.   

In multi-period MILP optimisation of dynamic systems, the choice of time 
resolution often becomes a trade off between preserving the behaviour of the system 
and the computational time and resources available. In the current modelling of LKAB’s 
heating system in Kiruna the need for a high resolution in time became clear. In multi-
period optimisation a high resolution in time means many time periods, which in turn 
means vast amounts of input data and larger, more complex MILP formulations. 

The paper is presenting the Optimal Solution Space Method (OSSM), a new 
method for optimisation of time dynamic systems with MILP that decouples the 
relationship between many time periods and large amounts of input data and complex 
optimisation problems. OSSM makes use of the linearity of MILP formulations in a new 
way. The main idea is to create a finite number of solutions that contain all the 
information necessary to obtain any optimal solution in a desired interval of a varying 
parameter.  

In the current case, LKAB’s heating system in Kiruna, is modelled under varying 
outdoor temperatures.  The objective function of the optimisation model is minimised 
operational cost, in essence minimised fuel cost.  

The idea of the OSSM is to identify and make use of breakpoints. Generally 
speaking, a breakpoint is a point in the system where a change of value of a parameter 
causes a break of the linearity. In the current case where a system is analysed under 
the variation of outdoor temperature a breakpoint is any outdoor temperature where 
a unit in the system alters its linear behaviour (Figure 7).  



26 
 

 

Figure 7  The relation between outdoor temperature and heat demand for an arbitrary 
heat sink.  

In the interval 36 - -

heat sink are thereby T=- -
whole system - a finite number of breakpoints are found. 

From the linearity it follows that if an optimal solution is created for all 
breakpoints – such a collection of solutions holds all the information needed to create 
an optimal solution for any value of the outdoor temperature.  

In the paper, the OSSM is used to develop a 365 time period model spanning one 
year. That model is then compared to a 12 time period model developed with a 
conventional MILP optimisation methodology. The amount of manually entered time 
period data needed for the two methods was made. For a 365 time period model, a 
decrease in the number of input values from 9,855 to 375 was noted. 

The 365 time period model developed with the method reveals that fuel savings 
of around 7 % could be achieved by using an optimal boiler operation strategy in the 
system.  
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5.3 Paper C: MILP optimisation for improved waste heat 
utilisation – Application to an industrial heating system 

This paper is a manuscript to be submitted to Applied Energy in December 2011. 
The paper presents the development of an optimisation model for analysing investment 
possibilities aimed at improved waste heat utilisation at LKAB in Kiruna. The 
investments are evaluated with the Net Present Value method in three different 
scenarios for future energy prices.  

The heat demand of LKAB in Kiruna is characterised by large seasonal variation. 
The heat supply however is fairly stable over the year. In combination this results in a 
waste heat deficit during cold winter days and waste heat surplus in the system during 
summers (Figure 8). The deficit during winters is at present mainly handled by the use 
of oil fuelled utility boilers. The surplus is currently not utilised.  

 

Figure 8 The heat demand profile for the heating system as a sliding five day average 
(2009). In the figure the average waste heat production is also shown. 

Two potential investments in improving the waste heat utilisation are analysed by 
the development of an optimisation model based on the OSSM. The first investment 
aims at decreasing the waste heat deficit by heat recovery installations to the mine 
ventilation system. The second aims at making use of the waste heat surplus waste 
heat power generation by Organic Rankine Cycle (ORC). As a side effect of the heat 
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recovery installation, an increase of the heat available for the waste heat power 
generation was noted. A case study was performed with a reference case, one case for 
each investment and a third case with both investments combined.  

 Case 0: Reference case  
 Case 1: Heat recovery 
 Case 2: waste heat power generation  
 Case 3: Combination case. Heat recovery + waste heat power generation  

The cases are then evaluated with the Net Present Value (NPV) method in three 
scenarios for future energy prices. The most notable results are: 

 Heat recovery is highly profitable in all scenarios; it decreases fuel based heat 
production by 67 %, decreases the total heat demand by 14 % and increases 
surplus waste heat by 10 %. The decreased heat demand also makes it a 
possible replacement for old utility boilers in the system instead of investing in 
new boilers 

 ORC power generation alone is profitable in two of the three energy price 
scenarios. In the combined case profitability is reached in all cases. However, 
being a larger and more complex investment than heat recovery – ORC 
electricity generation means a significantly higher risk.  

 A combined investment of heat recovery and ORC power generation has a 
positive influence on the ORC power generation investment. The increased 
waste heat availability allows a 12 % increase in electricity generation.  
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6 Concluding discussion 
The methods of process integration in general and MILP based optimisation 

specifically are still a fairly new set of methods for the mining industry. However, the 
results of this thesis show that MILP optimisation can be an effective tool for 
identifying and analysing measures for increased energy efficiency. From the ideas in 
the first paper, three of the five process system components identified as important 
targets for optimisation studies, have been modelled and analysed – the heating 
system, the mine ventilation system and the waste heat utilisation.  

A new method for facilitated analysis of dynamic systems with MILP optimisation 
has been presented. The development of the new method, OSSM, has provided a new 
tool for improved handling of multiple time periods in MILP optimisation. The 
application of OSSM resulted in a model that was used to generate a boiler operational 
strategy for LKAB’s heating system. A comparison of the current operational strategy 
and the proposed strategy indicated potential fuel savings in the area of 7 %.  

With OSSM, the amount of input data in multi period modelling can be reduced 
dramatically. A comparison between the new method and a traditional approach was 
done. The amount of manually entered time period data for a 365 time period model 
of the heating system decreased from 9,855 to 375 with OSSM. 

The method also has other fields of application. The built in algorithms for 
automated generation and solving of multiple variants of a MILP formulation provides 
alternative application areas for the method. Such automation is central to the 
development of sensitivity analyses, Pareto-analyses and scenario development. Such 
tasks are often very time-consuming and involve a lot of manual work. With the 
automated approach presented in OSSM it is more likely that such analyses are done 
more often and/or with a higher accuracy. 

OSSM is general to the field of MILP optimisation. The generality has been proved 
in a project outside of the work of this thesis and the mining industry. Wang et al. 
(2011) used OSSM to generate multiple MILP optimisation results in an analysis of 
optimal gas utilisation in a system including a steel mill and a combined heat and 
power plant.  

Another aspect of modelling dynamic systems with MILP optimisation models was 
shown in paper C. In the case studies, a 365 time period model was used.  The case 
study revealed a possible reduction of the utility boilers fuel utilisation with 67 % for 
the cases with heat recovery in the mine ventilation system. The case studies also 
showed an electricity production potential of 17 GWh for waste heat power generation 
in the system. 
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The case studies also included a case where the interaction effects between heat 
recovery and waste heat power generation could be analysed. The combined case, 
with both measures applied showed an increase in electricity production of 12 % due 
to an increased heat supply for waste heat power generation. However, it shall be 
noted that if increased heat sales to the municipal district heating system is possible, 
the conditions for investment in waste heat power production is completely altered.  

The profitability analysis of the heat recovery installation indicated a good 
economic potential, but it also revealed an unexpected benefit. Results indicate that 
several utility boilers in the heating system are made redundant by the installation. At 
the same time several boilers are getting old and will soon need to be replaced. 
Therefore, heat recovery can be profitable alternative to investing in new boiler 
capacity. 

In the work with this thesis a lesson on the importance of process knowledge and 
the value of sufficient information has been learned. One of the process components 
analysed was the process water system. An activity aimed at creating an optimisation 
model for optimisation of the process water utilisation was initiated. The activity, 
however, was finished prematurely with the conclusion was that sufficient knowledge 
regarding water quality requirements and water quality parameters in the system was 
lacking.  

Another lesson learned came with an attempt at creating a detailed optimisation 
model of the pelletising plants. A detailed mass and energy balance model containing 
vast amounts of both process data and theoretical calculations was created. Several 
months into the work with the model, it was realised that a transfer into a functional 
and validated MILP formulation would be cumbersome and the outcome uncertain. 
The work was halted and the optimisation model of the pelletising plants postponed. It 
has yet to be resumed. The lesson learned was to restrict the level of detail and analyse 
the system thoroughly before jumping into time consuming and complex calculations 
that are difficult to transfer into a MILP formulation.  
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7 Future work 
The continuation of the work presented in this thesis can now be outlined. Plans 

are to complete the current optimisation model with the rest of the processes of the 
production system. From an energy point of view, the pelletising plants, the 
concentration plans and the sorting plant are the most crucial parts to include. The 
next process units to be included in the model are the pelletising plants. This time the 
modelling will be made with a clear focus on the energy use as opposed to the detailed 
approach in the previous attempt.  

 Apart from the already mentioned processes, also the process water system is 
worthy of attention. However, in the case of a continuation of the work with a model 
of the process water system the MIND/MILP combination might not be the most 
suitable method. If more knowledge regarding the quality aspects of the water is at 
hand in the future, the water pinch method proposed by Wang and Smith (Wang & 
Smith 1994) and further developed by others should be considered for the task.  
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Abstract 
In this paper a new method for increased time resolution in multi-period Mixed Integer 
Linear Programming (MILP) optimisation is presented and applied to a district heating 
system. The proposed method facilitates the analysis of many time periods in multi 
period MILP optimisation projects. In the paper, a 365 time period model spanning one 
year developed with the novel method is compared to a 12 time period model 
developed with a more conventional methodology. The new method offers a 
significant decrease in the amount of input data for multi period models and facilitates 
changes to the analysed time span or resolution in time. In the application of the new 
method oil savings of 7 % compared to the current operational strategy of the district 
heating system are revealed.  

  



1 Introduction 
Mixed Integer Linear Programming (MILP) is a widely applied process integration 
method for optimisation studies in many different industrial systems, for example in 
the pulp and paper industry [1][2], the petrochemical industry [3][4], the steel industry 
[5][6] and in district heating systems [7][8]   

Central to any MILP modelling project is the choice of whether and how to model the 
systems’ variations over time. The simplest method may be to choose static modelling 
without any time dependence. If the dynamics is of significance, there are a few 
common different strategies to choose from. One is to create a steady state model and 
complete it with a sensitivity analysis [5]. Another common way is to divide the time 
span into a number of time periods with equal or varying lengths [3]. Yet another 
approach is to use duration curves, where the studied time span is divided into a 
number of periods, each representing a specific state of the system rather than a 
specific chronological period [9].   

When choosing time resolution, the frequency of variation in the system must be taken 
into account. The ideal situation would be to select a time resolution that allows the 
model to reflect the smallest fluctuations in the system. However, an increased time 
resolution typically increases the amount of input data linearly. An increased amount 
of input data increases the work effort and complexity of the model and in some cases 
also the requirements of the MILP optimisation solver software or hardware. 

In practice, the choice of time resolution often becomes a trade off between 
preserving the real life behaviour of the system and the computational time and 
resources available. While factors that influence the system might fluctuate with a 
frequency of days, hours or even minutes - the time period being studied often spans a 
period many times longer. A system might need a time resolution in the scale of 
minutes to be properly modelled while the time period being studied might span a full 
year or even more thus requiring many thousand time periods to be calculated, 
formulated mathematically and solved.  [8][10] 

Multi period optimisation models with a time resolution of sub hour, hours or days are 
not rare in the literature [11][12]. However, studies of high resolution in time over long 
periods rare. When applying a high resolution in time the studied time span tend to 
shorten in order to keep the number of time periods in the optimisation model to a 
reasonable amount. Exceptions to this rule are however to be found [10].Different 



decomposition methods to meet the increased complexity of followed by many time 
periods have been presented in the past [13] [14].  

The main objective of this paper is to describe and illustrate the use of a new method 
for MILP optimisation of industrial systems. The method is titled Optimal Solution 
Space Method (OSSM) and makes use of the linearity of MILP models. The new method 
decouples the relation between increased time resolution and increased amounts of 
input data and solving complexity. It also simplifies desired changes in chosen time 
resolution or analysed time span. The method consists of a workflow and a set of 
algorithms to automate calculation intensive parts of the workflow. 

The proposed method is demonstrated in a case study of an industrial heating system 
and compared with a conventional optimisation model approach. The comparisons are 
made with regards to work effort, usability of the results and ease of modelling.  

2 Material and method 
Heat balance calculations and linearization of relations were performed with HSC 6.1 
[15] and Microsoft Excel 2007. For equation editing and modelling of the heating 
system layout reMIND 3.1 [16] MILP equation editor and graphic modelling tool 
executed under the Linux version of the Java Runtime Environment 1.6.0.20 were 
utilised. The solver ILOG CPLEX 9.0 for Linux [17] was used for MILP optimisation. Post 
processing and analysis of the optimisation outputs were performed in Microsoft Excel 
2007. The programming of the Optimal Solution Space (OSS) algorithms and user 
interface was made in VBA under Microsoft Excel 2007. Scripts for automatic solving of 
MILP-formulation were generated in the PERL scripting language. The background and 
utilisation of the MILP modelling method MIND used in this paper is thoroughly 
described in [18]. 

2.1 Conventional MILP modelling of industrial systems 
A common MILP modelling workflow is described in detail by Ryman [19] and here 
shortly summarized in order to better understand the newly developed method. The 
MILP modelling procedure consists of two main blocks, one model creation block 
(phases 1-3) and one analysis block (phases 4-7). Figure 1 illustrates a typical workflow 
scheme.  



 

Figure 1 The MILP modelling workflow used for the base model in this paper. 

The construction of the model starts with the preparation phase, phase 1. It includes a 
thorough investigation of the system, for example characterisation of equipment and 
processes, calculations of heat and mass balances, gathering of thermodynamic 
properties, process data and heuristics of the system.  

In phase 2, process data and collected knowledge are processed, important relations 
and characteristics are determined and defined mathematically. In this phase the 
objective function, system constraints and boundaries are defined and the choice of 
time resolution is made. If a multiple time period representation of the model is 
chosen, all data needed to define the different time periods is calculated. 

The model is then created in a modelling tool in phase 3. All input data to the model 
from the previous phase is entered into the model. MILP optimisation requires that all 
non-linear relations are linearised. The output from this phase is a MILP formulation of 
the problem to be solved in an optimisation solver.  

In phase 4 the MILP based equation system is solved with a MILP solver. The nature of 
the solver output often makes further processing necessary to facilitate detailed 
analysis. This is done in phase 5. The post processing includes calculations and 
transformation of solver output into a form suitable for analysis. In phase 6 the results 
are analysed and the model is validated. Any need for changes or corrections brings the 
modelling back to the preparation phase, the calculation phase or the modelling phase. 



Following this workflow, the choice of how to handle variations over time is made early 
in the process, typically in phase 2. If the final validation in phase 6 shows that a 
change of time resolution or a change of analysis time span is needed, the project has 
to go back to the early phases and make the necessary and often time consuming 
changes. 

2.2 The Optimal Solution Space Method (OSSM) 
The new proposed method, OSSM, takes a different approach to MILP modelling. 
Although developed for application to a system that varies mainly from one parameter, 
it can be applied to most MILP modelling projects. The studied parameter could be 
production rate or fuel price for an industrial system or outdoor temperature for a 
heating system.  

OSSM works by making use of the linearity of MILP models in several steps by the use 
of breakpoints. For a system being analysed under the variation of a specific parameter 
a breakpoint is a point in the model where a change of the studied parameter causes a 
break in the linearity of the model so that the model deviates from its linear behaviour, 
c. Figure 2.  

 

Figure 2 The linearised correlation between outdoor temperature and heat demand at mine 
ventilation 2610. 

The figure illustrates the heat demand as a function of outdoor temperature for a heat 
sink in a district heating system. Between T=- - emand is at 
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the heat sink maximum. Between T=- decreases 
linearly with the 
close or equal to zero. The breakpoints for this heat sink is thereby T=- -  

 

If this reasoning is extended to all units in a system, a finite number of breakpoints are 
found. It follows that if a single period step MILP model is created for every breakpoint 
in the system, a collection of MILP models has been achieved with the following 
characteristics: 

 Contains a valid MILP formulation for all breakpoints. 

 Between those breakpoints the system is linear.  

This is central for the OSSM. Let such a collection of MILP formulations be called a 
Problem Space (PS). By solving all MILP formulations in the PS, a collection of optimal 
solutions is created – an Optimal Solution Space (OSS). The nature of the OSS is that:   

 It contains optimal solutions to the system for all breakpoints.  

 All relations in the system are linear between the breakpoints. 

Again by linearity it follows that an optimal solution to the system can now be 
generated for any value of the studied parameter by interpolation. 

2.2.1 OSSM workflow and algorithms  
Based on the conventional workflow described in section 2.1, the OSSM workflows 
differ from phase 2 and onwards, c. Figure 1 and Figure 3. Phase 2, however, is almost 
identical with the only difference that no decision on time period resolution has to be 
made.  

In phase 3 a general model is designed to solve the system optimally for an arbitrary 
value of a studied parameter, the outdoor temperature in this paper. This means that 
all variables in the model that depend on the studied parameter are given a unique 
variable name. These variables are hereafter referred to as the dependent variables.  
The output from this phase is a single time period MILP formulation of the system with 
unique variable names for all dependent variables.  

 



 

Figure 3 Analysis work flow according to the optimal solution based method. 

In phase 4 the Problem Parser, a VBA script developed for the task, prompts the user 
for: 

 The MILP formulation of the general model  

 A table holding values of the dependent variables for every breakpoint.  

The problem parser then parses the table, breakpoint by breakpoint, replacing all 
dependent variables with the corresponding value for the current breakpoint, c. Figure 
4. For each breakpoint a MILP formulation is exported by the parser. The output from 
this phase is a collection of MILP formulations that together define the PS. The 
problem parser also exports a script to solve all MILP formulations automatically by 
use of an optimisation solver. 
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Figure 4 The problem parser’s generation of the Problem Space from a single MPS-
formulation 

In Phase 5 the PS and the solver script are sent to the optimisation solver. The solutions 
produced comprise a collection of optimised solutions, the OSS. From the definition of 
the PS and the linearity of the system it follows that the OSS contains all information 
needed to generate an optimal solution for any value of the studied parameter either 
by direct selection or by interpolation. 

A solution parser was developed to handle the algorithms for Phase 6. Thanks to the 
generality of the underlying MILP model the choice of time resolution and analysed 
time span is made in this phase and can easily be changed later on. The Solution Parser 
prompts the user for: 

 The location of the MILP-formulations that constitutes the OSS  

 A table holding the time period values of the studied parameter for the 
complete time span to be studied. 

The Solution Parser then runs through the list and interpolates a solution to the 
current time period from the OSS and saves the values for all variables and parameters 
to a spreadsheet. When finished a spreadsheet holding the optimal solution to the 
system for every time period in the time span being studied has been produced.  

Phase 7, the analysis and validation phase is then handled like a normal modelling 
project. In the following, the conventional MILP procedure as well as the OSS method is 



applied in a case study of an industrial heating system in order to illustrate the benefits 
of using the latter method. 

3 Case study of an industrial heating system 
The case study is carried out for the heating system of the mining industry LKAB in the 
town of Kiruna in Sweden. 

3.1 Description of the heating system 
The heating system is a centralised district heating system providing heat mainly for 
internal use at the industrial site. The heating system is also connected to the nearby 
municipal district heating system enabling heat import as well as heat export. Figure 5 
gives an overview of the heating system layout. The total heat demand of LKAB in 2009 
was 200 GWh while the total heat production amounted to 340 GWh, i.e. 140 GWh 
was cooled away or exported to the municipal district heating network. 

 

Figure 5 Schematic description of the heating system including the boiler centres and the main 
sinks. Capacity and directional limitations are also provided. 

The heat is mainly produced by three waste heat boilers recovering flue gas thermal 
energy from three pellet induration furnaces. In addition, oil boilers and electric boilers 
are used in case of insufficient heat supply in the system. Typically, this occurs during 
cold winter days when the heat demand is high. During warmer periods when little or 
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no district heating is needed, the excess heat production from the waste heat boilers is 
dumped to a nearby lake. The electric boilers are seldom in use for operational 
reasons.  Table 1 shows technical data for all boilers in the system..  

The town of Kiruna has an average annual temperature of -2  C and a climate 
characterised by long and cold winters. The cold climate makes heating a large cost for 
buildings and other areas requiring tempered conditions. The dominant heat sink of 
the system is the mine ventilation, since the air being ventilated into the mines must 

maintain a temperature above 0  C to prevent freezing. Other heat sinks are buildings, 
the process water system and other process oriented units. The heat load is mainly 
related to the outdoor temperature and the pellet production rate.  

The heating system is divided into four main areas, where each has a boiler central 
including heat production units and heat exchangers. Each boiler central serves at least 
one heat demand cluster that consists of a number of different heat sinks. The hub of 
the system is the connection of the three waste heat boilers, from which heat can be 
distributed anywhere in the system. The boiler centrals have however limited heat 
distribution possibilities. For instance, boiler central 2610 can only deliver heat to the 
2610 heat sinks and not to the KK17 boiler centre, c. Figure 5. Also in the figure, the 
capacities and heat distribution limitations of the system are indicated. In boiler central 
PC5 the heat exchanger connected to the municipal district heating system is located.  

3.2 Modelling the heating system 

3.2.1 Characterisation of heating system equipment 
The heat demand used in the model was calculated based on statistics from the 
process data system. The relation between outdoor temperature and heat demand 
was plotted and a linear expression of the relation found by linear regression. For a few 
heat sinks process data was unavailable. The heat demand to outdoor temperature 
relation was in those cases estimated and provided by the LKAB heating system staff. 
Two main heat sink types with somewhat different characteristics were identified. The 
mine ventilation is a heat sink type characterised by a heat demand given by Equation 
1.  The heat demand of the remaining heat sink types can be expressed according to 
Equation 2.  

Equation 1: 



 

Equation 2:  
 

Where: 

T = current outdoor temperature 
Tstart = temperature where outdoor temperature dependent heat demand 
variation starts 
k = heat demand coefficient 
Qmax = Maximum heat demand 
Tdim = dimensioning temperature where heat demand reaches its 
maximum value 
b = base heat demand (non temperature dependent) 

Figure 6 shows the heat demand as a function of the outdoor temperature. In the 
figure, heat sinks have been merged into heat clusters representing geographical areas 
of the heating system. The heat sink types represented in each of the heat demand 
clusters are shown in Table 1.  

Technical equipment such as heat exchangers, boilers, pipes and heat sinks were 
characterised by investigation of manufacturer specifications and collection of data 
from the process data system. Heat sources are characterised by efficiency and 
maximum capacity. No punishment for boiler start up or lowered efficiency during low 
heat production was introduced into the model. 



 

Figure 6 The systems linearised heat demand plotted as a function of the outdoor temperature 
divided into main heat demand clusters. 

Table 1. Heat sink types represented in each heat demand cluster. 

Heat demand cluster 
Heat sink types represented (in descending 
quantitative order) 

PC 2610 Mine ventilation 
SAK Mine ventilation, Process equipment, Buildings 
New area Process equipment, Buildings 
Storage area Mine ventilation, Buildings 
Loading berth Buildings 
NIO Mine ventilation, Buildings 
KV 10, 12 Mine ventilation 

The three waste heat boilers were set to produce the average heat production rate for 
the year 2009.  Table 2 shows a list of the characteristics of all boilers in the system 
based on boiler central location. Heat exchangers and pipes are characterised by 
capacity and the flow direction they have in the system.  

  

0

10

20

30

40

50

60

70

80

90

100

-36 -34 -32 -30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22

H
ea

t 
de

m
an

d 
[M

W
]

Outdoor temperature [ C]



Table 2. Boiler centres in the system with corresponding figures for thermal output and 
efficiency. 

Boiler centre 
               and         boiler 

Boiler type Installed 
capacity 

[MW] 

Boiler 
efficiency  

[%] 
2610    

VA001 Oil 6 86 
VA002 Oil 6 86 
OP004 Oil 8 86 
EP001 Electricity 3.5 95 

KK17    
OP1 Oil 7 86 
OP2 Oil 7 86 

EP Electricity 7 95 
KK4    

OP KK4 Oil 8 90 
PC5    

OP1 Oil 8 60 
OP2 Oil 10 86 

Waste Heat Boilers    
AP2 Waste heat 23 N/A 
AP3 Waste heat 15 N/A 
AP4 Waste heat 25 N/A 

Total  60  

3.2.2 Objective function 
In this paper the objective function of the heating system model is cost minimisation.  
The objective function consists of energy related variables and the corresponding cost 
coefficient according to Equation 3. 

Equation 3: 
 

where  is the objective function; c is the price of an energy carrier, 
such as oil, electricity and heat; m and Q is the amount of energy carriers 
(oil, electricity and heat) consumed. 

3.2.3 MILP-formulation for the two models 

Conventional MILP model 
The conventional model was created according to the workflow described in section 
2.1 and Figure 1 with a time resolution of one month, i.e. 12 time periods for one year. 
For each time period the heat demand was calculated and entered into the equation 
editor before exporting the MILP formulation to the solver output.  The optimisation 
output was imported into Microsoft Excel for analysis and extraction of results.  



Optimal Solution Space based model 
The OSSM based model was created according to the workflow and algorithms 
described in section 2.2 and Figure 3  with a time resolution of 24 hours. All equipment, 
boundaries and relations in the two models are the same. The differences are the 
number of time periods and the fact that the OSSM model holds variable names for all 
variables depending on outdoor temperature instead of actual values. 

3.2.4 Outdoor temperature variation 
Due to the different time resolutions of the models, the input data differs greatly. For 
example, the input of the average outdoor temperature to the two models is shown in 
Figure 7. As seen, the high volatility of the outdoor temperature is lost in the monthly 
model, while preserved in the daily model. 

 

Figure 7 Average temperatures used in the models compared. Analysis year is 2009. 
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4 Results 

4.1 Method related results 

4.1.1 Input data requirements 
In the modelling of the current heating system the heat demand to outdoor 
temperature relation was defined and linearised for 27 heat sinks. With conventional 
MILP-modelling that means manual input of 27 heat demand values for every time 
period in the time span being analysed. Analysing a one year span with a time 
resolution of 24h then means the manual input of 27 * 365 = 9,855 heat demand 
values to the model.  

With the OSSM approach to the modelling that amount decreases dramatically. The 
general model created does not need any heat demand input at all. Instead variable 
names of all input variables are entered. The first heat demand input comes when the 
Problem Parser creates the problem space from a finite list of breakpoints. In the 
current case 10 breakpoints were identified.  When creating the optimal solution for an 
analysed time span the input is limited to the value of the parameter being studied, the 
outdoor temperature in the current case. For a year that means 365 temperature 
values in the case of 24h time resolution. This gives a total of 10 + 365 = 375 input 
values compared to 9,855 values needed with the conventional approach.  

4.2 Decoupling of modelling and time span/time period 
resolution 

If another time span or different time resolution of the same time span is to be 
analysed less input is also required with the OSSM. For the analysis of another year 
with 365 time periods 365 average outdoor temperatures are needed. No changes to 
the model are needed since the Solution Space already contains all information needed 
to generate a new optimal solution. With a conventional approach all heat demand 
variables in the model would have needed update equalling 9,855 heat demands in the 
current case.  

If a new time resolution of for example one hour is to be analysed for a full year – a 
table of 365 * 24 = 8,760 temperatures is needed. Compare this with the input of 27 * 
8760 = 236,520 heat demand values that the other approach would need.  



4.3 Case study results 

4.3.1 Validation 
Figure 8 shows the predicted heat production of the two models compared to the 
actual heat production of the system for the year 2009.  

Using the daily average model, the compliance between the actual heat production 
and the heat demand prediction is high for the main part of the year. Three clear 
deviations can however be noted marked as 1, 2 and 3 in Figure 8.  

 

Figure 8 Heat demand results from the models compared to the actual outcome for 2009 

 The first deviation (1) concerns the maximum heat production/demand in the 
system. The maximum actual heat production is 57 MW for 2009. The 
maximum heat demand predicted in the OSS model is 71 MW. This large 
difference is because heat demand and heat production are related but not 
necessarily the same, especially for low temperatures. During periods of very 
low outdoor temperature the heat demand can not be met, which in some 
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cases may lead to lower indoor temperatures. In such a case, portable diesel 
heaters are commonly used, but the heat production from them is not logged.  
 

 The second deviation (2) is explained by heat export to the municipal district 
heating system. This is not included in the heat demand predictions of the 
models as they are extraordinary and not temperature dependent. Heat 
deliveries to the municipal system are seen mainly in the latter part of the 
summer (mid August to mid September).  
 

 The third major deviation (3) can be seen during a period in mid summer, from 
early July to early August, when the iron ore pellets production was stopped. 
Without production of pellets, many process related, non temperature 
dependent, heat sinks vanish. This is seen as an over prediction of the heat 
demand for that period.  

4.3.2 Model comparison 
The two models’ output for total heat production per month is shown in Figure 9. It can 
be noted that the two models predict almost exactly the same monthly and total heat 
demand, as they should. However, the monthly model suggests a significantly lower oil 
utilisation. This is an effect of the loss of extreme values in the monthly average 
temperatures used for the 12 time period model. Oil boilers are not needed for time 
periods with an average temperature above -8 °C. Therefore several periods where oil 
boilers would have been needed are not accounted for.  



Figure 9 The two models compared: Heat production per month separated by heat source for 
2009.  

In order to compare the model results of the two methods the optimal solution of a 12 
time period was generated from the solution space. This way the conventionally 
developed model and the model developed with OSSM reflected the same time 
resolution and the same time span. As expected, the two models yield the same 
optimal solution.  

4.3.3 Optimal boiler utilisation 
The suggested order of deployment for the oil boilers is the same for the two models. 
Figure 10 shows the optimal oil boiler operation for the range of outdoor temperatures 
suggested by the OSS model. Reading the figure from right to left, the order in which 
oil boilers are deployed may be deduced. If this figure is read together with Table 2, it 
shows that oil boilers with lower efficiency are in many cases deployed before boilers 
with higher efficiency reach their maximum heat production. This is due to the heat 
transfer limitations in the system.  



 

Figure 10 Optimal boiler usage for different outdoor temperatures extracted from the solution 
space. 

A comparison of the oil utilisation for 2009 between the current operational strategy 
and the strategy proposed by the OSSM model is shown in Table3. The results from the 
monthly model are not presented since the model failed to calculate the oil demand 
correctly. The figures for the current strategy were created by calculating the oil 
utilisation to satisfy the predicted heat demand day by day and then creating monthly 
sums. It shows that fuel oil savings of around 7 % or 1450 MWh for the year 2009 could 
have been achieved by the OSSM operation strategy compared to the current strategy. 
The savings are worth 120000 € annually, based on national oil energy prices for 2009 
[20]. The average efficiency of the boilers deployed in the system increases from 82 % 
to 87 %  

Table 3. A comparison of oil utilisation between current and proposed strategy of the 
heating system. Months with no oil utilisation excluded from the table. 
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5 Discussion 

5.1 Effects of time resolution in MILP modelling 
Time resolution can have dramatic effects on the real world resemblance of the model. 
In the conducted case study, a direct effect of this is the underestimation of the oil 
boiler utilisation for the 12 time period model. The lost fluctuations in temperature 
data means that days ofextreme outdoor temperatures are lost. Hence, many 
occasions where oil boilers would be needed are not taken into account. The predicted 
oil usage becomes significantly lower using the monthly model, while the prediction 
using OSS model agrees well with measured operational data. This shows that the 
choice of time resolution has a great impact on the reliability of the results. 

Due to the low resolution of the outdoor temperature input to the 12 time period 
model, a comparison between the current operational strategy and the optimisation 
results makes no sense. Since oil boilers are only deployed during periods of very low 
outdoor periods many days where oil boilers are needed are omitted in the monthly 
model. In Figure 9, this can be seen as no oil utilisation for the period March to 
December and a significantly lower oil utilisation for the other months even though 
production data shows oil boiler utilisation for that period.  

Strategy analysis is more interesting for the 365 time period model. In the current 
strategy, boilers are deployed based on boiler centre location rather than optimal 
efficiency. Also, the heat transfer limitations force personnel to constantly deviate 
from the strategy since it does not take those limitations into account. This means that 
the efficiency of the system partly is partly dependent on individual skills of the staff, 
instead of being the result of the operational strategy alone. The optimal strategy 
proposed by the 365 time period OSSM model always selects the most efficient 
combination of boilers that can cover the current heat demand in the system, taking 
the heat transfer limitations into consideration.  

Other research papers where a high resolution in time has been used are often limited 
to short periods of time and there are good reasons for that. There is however 
exceptions where a high time resolution combined with a long time span have been 
reached with MILP models. Hongbo and Gao [10] reached hourly resolution for a full 
year by executing the model calculation repeatedly for each hour, however the 
methodology and algorithms for the work is not clearly stated. The significance of the 
current method is that it provides a systematic method of acquiring optimisation 



results for models with many time periods with a limited effort both in execution time 
for the optimisation and input data requirements.  

5.2 Reaching industrial application 
The increased level of detail has an impact not only on the results but also on the 
credibility of the model when the results are presented to the company. In the OSSM 
model, the daily fluctuations of the real system are preserved and the dynamics of the 
system is present and visible. There is a common general objection to models that do 
not behave like the real life system. Industrial acceptance of the modelling results is of 
great importance for all optimisation projects, otherwise suggested process changes or 
investments will most likely not be realised.   

An obstacle to reaching industrial acceptance of optimisation models is that they often 
require a high level of user knowledge and specialised software. Valuable results from 
an optimisation model might have been delivered to the company, but when the 
system conditions, such as outdoor temperature in the current case, require an update 
of the model, there is often not enough knowledge in the company for that.  

The solution parser combined with the OSS can be used to generate such new 
optimisation results without modifying the model and without the use of specialised 
software. This allows engineers and other staff to use the model to test new scenarios 
without involving researchers or learning the complicated handling of the model. 
However, if the basic characteristics of the system such as heating system equipment 
are changed a new version of the model must be created and a new solution space 
must be generated. 

Another benefit is that the OSSM can easily be visualised. Figure 10 is an example of 
that. The visualised optimal operational strategy makes the optimisation results usable 
for discussions with heating system staff. By having Figure 10 at hand, the operational 
staff can operate the heating system close to the optimum without dealing with the 
optimisation model itself, only a visualisation of the OSS. 

The development of the solution space method is very important for future studies of 
the heating system, in which various energy efficiency measures and investments 
leading to increased waste heat utilisation will be compared. In this paper the 
importance of a correct representation of the heat demand has been shown when an 
optimal boiler operational strategy is developed. 



6 Conclusions 
The main objective of the paper was to describe and illustrate the use of a new method 
for MILP optimisation of industrial systems. The method was demonstrated in a case 
study and compared with a conventional optimisation method. The comparisons were 
made with regard to work effort, usability of the results and ease of modelling.  

It has been shown that the proposed method may be applied to increase the number 
of time periods i.e. the time resolution of a model with limited efforts. Furthermore, 
the OSSM strongly facilitates the change to a new analysis time span or a new time 
resolution. Nothing more than a list of values of the studied parameter matching the 
desired time resolution is required to analyse a new time span or a new time 
resolution.  

Modelling results are heavily dependent on the chosen time resolution. Important 
information might be lost if the time resolution is too low.  The 365 time period model 
created with the OSSM showed a high level of compliance with heat production data 
while the 12 time step model failed to provide a good representation of the heating 
systems’ heat demand.  

It is however interesting to note that the same total annual heat demand is shown for 
the two models. This is an important aspect of this work. A badly chosen time 
resolution in a model can make the results appear relevant on one level but the results 
may still be irrelevant or even erroneous on another level due to a bad representation 
of fluctuations in the system. With a method that facilitates changes of time resolution 
these phenomena are easier to investigate and thereby more likely to be discovered.  

In the case study the 365 time period model was used to develop a new operational 
strategy for the heating system. The new strategy shows a potential of reduced fuel 
costs of 7 % for the year 2009. 
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Abstract 
Improved waste heat utilisation can play an important role in reducing the world’s 
industrial energy use. In this paper the development of a multi period MILP 
optimisation model of the heating system of an iron ore mine and attached iron ore 
upgrading system is presented. In the model two different measures for improved 
waste heat utilisation is introduced; heat recovery to the mine ventilation system and 
waste heat power generation. The model is then applied in a case study of a reference 
case and three cases for improved waste heat utilisation. The profitability of the 
investment cases are then evaluated with the net present value method assuming 
three future energy price scenarios. The case study shows that the investment in heat 
recovery is both profitable and effective in reducing the fuel costs in the system. Fuel 
costs are reduced with 67 % with heat recovery. Waste heat recovery allows an 
electricity production of 15-17 GWh annually, but does not show profitability for all 
cases.  

  



1 Introduction 
In many industrial process systems a large share of the input energy is lost as low grade 
waste heat. A Canadian survey [1] showed that around 70% of the input energy in the 
national manufacturing sector was emitted to the surroundings as waste heat. Other 
surveys have shown that low-grade waste heat accounts for more than 50% of the total 
heat generated in the industry [2]. In a time of increased energy efficiency awareness, 
improved waste energy utilisation can play a significant role in reducing industrial 
energy use.  

Increased power generation from low grade waste heat could become an important 
contributor in that development. One of the technologies for waste heat power 
generation is the Organic Rankine Cycle (ORC). While known since the 1880s, only 
recently ORC has gained wide spread acceptance [3]. With an operating temperature 
lower than the steam Rankine cycle - the ORC is often better suited for waste heat 
power generation [4]. For small-scale applications ORC might be favourable even in the 
medium to high temperature range, due to long life, low maintenance requirements 
and the good part load performance. [5].  

Currently, ORC power generation from waste heat can be found in many industrial 
branches such as the cement industry [6], power plants [7], the steel industry [8] and 
even maritime transportation [9] among others. However, a profitable introduction of 
waste heat power generation in industrial waste heat applications has to overcome 
several challenges.  

For example, in Sweden it is difficult to reach profitability for waste heat power 
generation plants due to low electricity prices (the fifth lowest in EU27 [10]). Another 
challenge may be the limited number of operating hours that can be achieved. Large 
waste heat producers in Sweden are often connected to district heating networks and 
strong seasonal variation of the heat demand creates large fluctuations of the heat 
availability for waste heat power generation.   

In the case presented in this paper, the industrial heating system of Loussavaara-
Kiirunavaara AB (LKAB), Sweden’s main producer of iron ore products, in Kiruna is in 
focus. The heating system is serving an iron ore mine and an attached iron ore pellets 
production system. At the site, the seasonal variation in heat demand is large while the 
waste heat availability remains stable over the year. This leads to a large waste heat 
surplus during summers that transforms into a heat deficit during winters. The waste 
heat deficit is currently requires the use of utility boilers.  

Efficiency measures to decrease the heat demand of buildings and other heat sinks in 
the system could therefore have a positive influence in two ways. Firstly a decrease in 
heat demand would lower the utility boiler utilisation. Secondly the heat availability for 



waste heat power generation would increase. However, in a complex system such as 
the current, the quantification of such effects is not trivial. Therefore, a Mixed Integer 
Linear Programming (MILP) optimisation model of the complete heating system was 
developed. In the model two measures for improved waste heat utilisation was 
introduced; waste heat power generation and an investment in heat recovery to 
reduce the heat demand in the system. 

The use of MILP optimisation for optimised energy efficiency in industrial systems has 
been applied widely. Examples from a variety of industrial branches can be found in the 
literature. Examples from the pulp and paper industry [11][12], the petrochemical 
industry [13][14], the steel industry [15][16] and district heating networks [17][18] can 
be found. In the past MILP optimisation has also been proposed for evaluation of 
investments in many papers e.g. [8][12][19]. However, no papers dealing with MILP for 
evaluation of waste heat power generation by ORC have been found.  

The main objectives of this paper is to present the development and application of a 
multi period MILP optimisation model of an industrial heating system and to analyse 
and evaluate two measures for improved waste heat utilisation in the heating system; 
the introduction of heat recovery in a large mine ventilation system and waste heat 
power generation. Four cases, one reference case and three investment cases are 
analysed and compared. The cases are evaluated from a profitability point of view 
under three possible future energy price scenarios.  

2 Material and method 

2.1 Material 
Calculations of heat demand, heat balances and equipment characterisation were 
performed with HSC 6.1 [20] and Microsoft Excel 2007. Modelling of the heating 
system layout and MILP equation editing were performed in reMIND 3.1 [21] executed 
under the Linux version of the Java Runtime Environment 1.6 [22]. The solver ILOG 
CPLEX 9.0 for Linux [23] was used for MILP optimisation.  

Post processing and analysis of the optimisation outputs were performed in Microsoft 
Excel 2007 using automated scripts. The programming of the post processing 
algorithms was made in VBA under Microsoft Excel 2007. The background and 
utilisation of the MILP modelling method MIND used in this paper is thoroughly 
described in [24]. 



2.2 Model formulation 

2.2.1 Heat demand formulation 
The heating system’s heat demand is a composition of different heat sinks, each 
connected to a boiler centre. There are mainly three different heat sink types. The first 
heat sink type only depends on outdoor temperature, i.e., mine ventilation stations. 
The second type is process related and lacks outdoor temperature dependency. The 
third type has both an outdoor dependency as well as a production-related 
component. In the model formulation, pellets production rate is kept at the yearly 
average. Therefore the only variation in heat demand becomes dependent on outdoor 
temperature. This is relevant under the current market situation. The heat demand for 
each heat sink is given by Equation 1. 

Equation 1:  
 

Where: 

T = current outdoor temperature 
Tstart = temperature where outdoor temperature dependent heat demand 
variation starts 
k = heat demand coefficient (0 for non temperature dependent heat sinks) 
Qmax = Maximum heat demand 
Tdim = dimensioning temperature where heat demand reaches its 
maximum value 
b = base heat demand (non temperature dependent) 

 

2.2.2 Formulation of heat production 
The heat production in the waste heat boilers is mainly related to the production rate 
of the iron ore induration furnaces at the site. There is also a minor relation to the 
current fuel mix and various production related factors such as the composition of the 
green pellets entering the plant and quality parameters of the product. In the model 
the minor factors are omitted and only the production rate is considered but kept 
constant.  Equation 2 describes the heat production in the waste heat boilers.  



Equation 2 

Q1 = k  ProductionRate = constant 

Where: 

k =Heat production coefficient 

 

For the other boilers in the system, the heat production is related to the individual 
efficiency of each boiler and the fuel input (Equation 3). The model does not penalize 
boiler start or boilers operating at part load. However, electricity boilers are disallowed 
to start as long as there is capacity for increased oil boiler utilisation. Although not 
being the most economic solution in some cases it this strategy is necessary due to 
operational problems with the current electricity boilers in the system. 

Equation 3 

Q2 = BoilerEfficiency  FuelInput 

 

2.2.3 Formulation of waste heat power generation 
The setup for waste heat power generation includes five Opcon Powerbox units 
operating at two different temperature intervals. The data has been provided by 
Opcon. The setup has a maximum total thermal power of 32 MW and a maximum 
electricity generation of 3.2 MW.  Figure 1 shows the Powerbox setup. The setup is 
located near the waste heat boilers connection to maximise the waste heat availability. 



 

Figure 1 The setup of the waste heat power generation used in the optimisation model (data 
provided by Opcon).  

The waste heat power generation equipment in the model is formulated with a 
restriction.  Power generation is disallowed to start until a minimum amount of heat is 
available. The waste heat power generation is turned on and off by integers and have 
linear relation between heat input and electricity output. Equation 4 shows the 
electricity output relation to heat input.  

Equation 4 

 

Where: 



Q = Waste heat availability 
Qstart = Waste heat power generation heat minimum 

 = Powerbox efficiency 
Qdim = Maximum heat demand (32 MW) 

 

2.2.4 Objective function 
The objective (Equation 5) of the MILP optimisation model is minimised cost. In the 
optimisation model the investment alternatives are either turned on or off depending 
on the case being under analysis. Capital costs and maintenance costs are not included 
in the optimisation model. Instead those calculations are performed in the profitability 
analysis. 

Equation 5 

  

where  is the objective function; c is the price of an energy carrier, such as oil, 
electricity and heat; m and Q is the amount of energy carriers (oil, electricity and heat) 
consumed. 

 

2.3 Case study  

2.3.1 Heating system overview 
LKAB’s heating system in Kiruna is an industrial heating system that provides heat 
mainly for internal use. The heating system can also import and export heat to the 
municipal district heating system of Kiruna. The heat supply in the system is dominated 
by three waste heat boilers recovering flue gas thermal energy from three pellet 
induration furnaces at the production site. 

 In the case of waste heat deficiency, utility boilers are used. Figure 2 gives an overview 
of the heating system in terms of basic architecture, boiler placement and heat 
transport capabilities. Table 1 shows the boilers in the heating system.  Figure 3 shows 
the heat demand in the system for 2009 as a five-day sliding average.  

 



 

Figure 2 An overview of the heating system of LKAB, Kiruna. heat transport limitations, boiler 
centres and heat sinks for each boiler centre are shown.  

Table 1 Waste heat boilers and utility boilers in the heating system  

Boiler centre 
               and         boiler 

Boiler type Capacity 
[MW] 

Efficiency  
[%] 

2610                 VA001 Oil 6 86 
VA002 Oil 6 86 
OP004 Oil 8 86 
EP001 Electricity 3.5 95 

KK17                    OP1 Oil 7 86 
OP2 Oil 7 86 

EP Electricity 7 95 
KK4                OP KK4 Oil 8 90 
PC5                     OP1 Oil 8 60 

OP2 Oil 10 86 
Waste heat boilers   AP2 Waste heat 23 N/A 

AP3 Waste heat 15 N/A 
AP4 Waste heat 25 N/A 

Total  60  
    

 

An important finding in  Figure 3 is that for 2009 the total heat production from the 
waste heat boilers was 217 GWh. For the same year the utility boilers utilised oil 
corresponding to 56 GWh. Electricity boilers were not used due to operational 



difficulties. The total heat production thereby was about 270 GWh while the total heat 
demand was 196 GWh. A substantial amount of surplus heat can thus be noted. 

 

   

Figure 3 The heat demand profile for the heating system as a sliding five day average (2009). 
In the figure the average waste heat production is also shown. 

The main part of the surplus heat is found during summer when heat demand in the 
system is low. This is also visible in Figure 3 as a large area below the average waste 
heat production line and above the heat demand curve. Hereafter that heat is referred 
to as surplus waste heat. Currently the main part of the surplus waste heat is not 
utilised.  

In addition  Figure 3 reveals a waste heat deficit during cold periods. A big part of the 
low temperature heat demand emanates from the mine ventilation system. The task of 
the mine ventilation system is to provide fresh air to the mines continuously. The heat 
demand arises when the mine ventilation stations utilise heat to keep inlet air above 0 
C°. The need of fresh air to the mines combined with the temperature demand means 
that vast amounts of heat are needed, about 80 GWh for 2009. 

2.3.2 Mine ventilation heat recovery 
Heat recovery in the mine ventilation system is especially interesting since it mainly 
reduces the heat demand during periods when utility boilers are likely to be used. This 
makes heat recovery an interesting energy efficiency measure. As a secondary effect, 
increased waste heat surplus can also be expected. Therefore, heat recovery in 
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combination with waste heat power generation heat recovery should thereby also 
increase the heat availability for power generation. Figure 4 shows the basic set up for 
heat recovery of the mine ventilation air.  

 

Figure 4 The basic set up for a mine ventilation heat recovery system. Since the air outlet and 
air inlet are separated a two battery solution with circulating glycol is proposed.  

The conditions for heat recovery are quite favourable at some locations with the 
exhaust and supply ducts located fairly close to each other. The extract air from the 
mines maintains a stable temperature of 8 °C and a relative humidity of 100 % all year.  

In practice however, the heat recovery has an important restriction related to the cold 
climate of Kiruna. Ice formation or frost on the heat exchanger surfaces has to be 
avoided to ensure stable operation. The 100 % relative humidity of the extract air 
causes considerable amounts of water to condensate on heat exchanger surfaces. If 
the temperature of the circulating glycol media in the batteries reaches sub zero 
temperatures, the risk of freezing arises.  

In the calculations a restriction of the glycol temperature to 0 °C limits the lowest 
allowable air temperature of the exhaust air to 3 °C. The enthalpy change of the 
saturated air passing through the exhaust battery with a temperature drop from 8 °C 
to 3 °C at 100 % RH yields a maximum heat exchanger potential of 3.23 MW for each 
installed heat exchanger set at an air flow through the exchanger of 150 m3/s (Figure 
5).  

On the supply side the heat exchanger surface area was calculated, followed by 
efficiency calculation according to the Number of Transfer Unit (NTU) method. The 0 °C 
limitation was handled by iterating flow rate in the NTU method for three different 
heat exchanger areas. At low outdoor temperature, the full 3.23 MW can be delivered 
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to the supply air, c. Figure 5. However, as the outdoor temperature rises, the heat 
exchanging driving force decreases.  

Finally for temperatures near 0 °C all the recovered heat contributes to a decreased 
heat demand in the heating system. Currently, the supply air is not heated above 2 °C. 
Therefore, heat recovered that increases the temperature above 2 °C is not saving 
heat. Figure 5 shows the heat recovery to outdoor temperature for the three different 
heat exchangers. In the optimisation model, HEX 1 was chosen for implementation to 
three mine ventilation stations. 

 

Figure 5 Heat recovery to outdoor temperature for three different heat exchangers calculated.  

2.3.3 Waste heat power generation 
The solution for waste heat power generation that was selected operates well at 
district heating temperatures and requires limited changes to the heating system in 
order to be installed. Hot water is provided by the heating system and the cooling 
demand of the setup is provided by the process water system at the site.  

One advantage is that the cooling demand matches a low temperature heat demand in 
process water system. Currently some heat is on occasion used for heating process 
water. However, more heat could be used for this. Investigations of LKAB’s facilities in 
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Malmberget indicate that increased process water temperature can have a positive 
impact on the energy consumption and productivity of the pellet induration furnaces 
[24]. However, no quantification of these effects has been made for the current case. 
Therefore these positive effects of the waste heat power generation are not accounted 
for in the model. Figure 1 shows the temperatures and volume flows required by the 
setup. 

2.3.4 Case study formulation 
A case study directed at analysing the effects of the individual investment 
opportunities and the interaction between simultaneous installation of both 
investments compared to a reference case was planned. The case study comprises of 
the following four cases.  

 Case 0: Reference case  
A  base case of the current setup of the heating system used for reference  

 Case 1: Heat recovery 
Heat recovery is installed to three mine ventilation stations. 

 Case 2: Waste heat power generation  
Waste heat power generation is installed  

 Case 3: Combination case  
Both heat recovery to three mine ventilation stations and waste heat power 
generation is installed  

 

2.4  Optimisation post processing and case study analysis 
The output from the modelling work is in the form of result files each containing the 
optimal solution for the heating system for one day. Visual basic scripts have been 
developed for automatic post processing of optimisation results case by case. The post 
processing consists of optimisation file import, generation of daily and monthly sums 
for heat production, heat demand, fuel consumption, etc. The workflow for the post 
processing is described in a previous study[25]. All results originate from 365 time 
period optimisation result files. However, to increase the clarity of the results 
presented, the 365 time period results have been collected into monthly sums in 
figures and tables within this paper. 



2.5 Profitability analysis 

2.5.1 Energy price scenarios 
The actual energy prices of LKAB are classified. In this paper therefore, the profitability 
analysis is based on alternative energy prices. In this paper the energy prices used in 
the price scenarios are taken from publicly available sources. Electricity prices have 
been taken from Statistics Sweden [26] and oil prices from SPBI – the Swedish Institute 
of Petroleum and Biofuels [27], c. Table 2.  

Table 2 The base energy prices used in the scenarios 

Oil price [SEK/MWh] 504 
Electricity price [SEK/MWh] 345 
Annual electricity price development (2002-2010) 7.7% 
Annual oil price development (2002-2010) 5.4% 

Starting with the public figures for Swedish industrial energy prices for 2010 from the 
two sources three scenarios were created for the future development of energy prices: 

 Scenario 1. The energy prices increase at a rate of 50 % of the annual price 
development for 2002-2010 

 Scenario 2. The energy prices increase at the same rate as for the years 2002-
2010 

 Scenario 3. The energy prices increase at a rate of 150 % of the annual price 
development for 2002-2010 

2.5.2 Evaluation 
The evaluation of the investment alternatives in the case study is carried out using the 
Net Present Value-method for the cases under the three energy price scenarios. The 
capital and maintenance costs are based on estimates provided by equipment 
manufacturers. The economic life time of the investments is set to 20 years. Future 
energy prices are estimated according to the scenarios described previously.  

3 Results 

3.1 Validation 
The reference case was used for validation of the optimisation model results. In Figure 
6 the heat demand prediction of the model is plotted together with the actual heat 



production in the system, data collected for 2009. In the figure a high degree of 
compliance can be noted between curves for the main part of the year. However, three 
distinct deviations can however be noted marked as 1, 2 and 3 in Figure 6. The 
deviations can be explained as follows.  

The deviation marked 1 relates to the prediction of maximum heat 
production/demand. The heat production max was 57 MW. The max heat demand 
prediction was 70 MW. The difference can be explained by the fact that heat demand 
and heat production are not necessarily the same. Under a period of extremely low 
outdoor temperature the heat demand sometimes exceed the heating equipments 
maximum output. In some cases this leads to lower indoor temperatures – in other 
cases undocumented utilisation of portable diesel heaters and such are sometimes 
applied. 

 

Figure 6 Predicted heat demand from the optimisation model compared to the actual heat 
production (2009). 
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The second deviation (2) is explains undocumented heat export to the municipal 
district heating system. Since the model predicts the heat demand based on outdoor 
temperature, the heat export is not predicted. The heat deliveries to the municipal 
system are most prominent in the latter part of the summer (mid August to mid 
September).  

The third major deviation (3) is found in July to August. The deviation is explained by a 
stop in the iron ore pellets production. With the production halted, production related 
heat sinks vanish while the model is programmed to remain at average pellet 
production.  

3.2 Case study results 
A comparison of the systems total heat demand between the cases is shown in Figure 
7. Heat recovery cases 1 and 3 shows a significantly lowered heat demand for the 
winter months. The total annual heat demand for cases 1 and 3 sums to 169 GWh. For 
the cases 0 and 2 the sum is 196 GWh. The heat recovery thereby decreases the heat 
demand in the system with 27 GWh. 

 

Figure 7 The figure shows the sum of heat demand for each month (2009). The cases with no 
heat recovery installed (Case 0 and case 2) and the cases with heat recovery (case 1 and case 
3) have been joined because they have the same heat demand.  
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The next comparison deals with utility boilers. Figure 8 shows the fuel based heat 
production as monthly sums. The total annual sum amounts to 15 GWh for the cases 0 
and 2. For the heat recovery cases that sum is decreased with 10 GWh to 5 GWh. If 
combined with the 27 GWh decrease in total heat demand it can be noted that the 
remaining 17 GWh of the saved heat is waste heat. The boiler operation results, c. 
Table 3, also show that all oil boilers except one, OP1 PC5, are used for the cases 0 and 
2 while three boilers remain unused for cases 1 and 3 - OP VA002, OP1 PC5, and OP2 
PC5.  

 

Figure 8 The figure shows the sum of fuel based heat production for each month (2009). Case 
0 has been joined with case 2 and case 1 has been joined with case 3 due to the same heat 
production.  

Table 3 Fuel based heat production per boiler for 2009. Heat production in GWh 

Boiler centre 2610 KK17   KK4 PC5   

Boiler VA001 VA002 OP004 EP001 OP1 OP2 EP 
OP 

KK4 OP1 OP2 Total 

Case 0 and 2 0.44 0.24 6.9 0 3.1 1.4 0 2.7 0 0.03 15 

Case 1 and 3 5 0 2.4 0 7.4 0.33 0 1.4 0 0 5 
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This leads to a comparison between the cases with waste heat power generation 
installed. Figure 9 shows the heat demand of the waste heat power generation in cases 
2 and 3. It can be noted that the total annual heat use of the waste heat power 
generation changes from 154 GWh to 172 GWh, a difference of 18 GWh, resulting in an 
increased electricity production of nearly 2 GWh. Interestingly, the 18 GWh of 
increased heat use exceeds the 17 GWh decrease in waste heat utilisation noted 
previously.  

 

Figure 9 The monthly sum of waste heat power production for each month (2009). 

With regards to average boiler efficiency for the fuel based heat production there is a 
slight but interesting difference. The average for the boiler efficiency for the cases 0 
and 2 was 87 % while the cases 1 and 3 had an average efficiency of 88 %. This slight 
increase comes from a decreased influence of the system’s heat transfer limitations. 
With heat recovery installed, the heat transfer limitations does not force the model to 
deploy boilers with a lower efficiency to the same extent.  

3.3 Profitability analysis 
The evaluation of the cases shows very different results depending on the price 
scenario chosen. For case 1, only heat recovery installed, all three cases show positive 
NPV. The NPV development over the 20 year life cycle of the investment is shown in 
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Figure 10. The NPV for case 1 is 38 million, and for case 2 and 3 - 50 million and 67 
million SEK respectively.  

 

Figure 10 Case 1 – Heat recovery. The figure shows the NPV development for the three price 
scenarios over the 20 year economic life. Currency: SEK.  

For case 2, the NPV development is shown in Figure 11. As opposed to to case 1 the 
NPV shows a negative value for scenario 1 and a fairly low profitability for scenario 2. 
The NPV for case 2 is -3 million, 16 million and 46 million SEK for cases 1, 2, and 3, 
respectively.  

Case 3, the combined case, has a NPV development as seen in Figure 12. In this 
combined case we can see the interaction effects between the two investments. All 
three cases show a positive NPV. The NPV amounts to 42 million, 76 million and 126 
million for the three cases, respectively. 
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Figure 11 Case 2 – Waste heat power generation. The figure shows the NPV development for 
the three price scenarios over the 20 year economic life. Currency: SEK. 

 

Figure 12 Case 3 – Combined case. The figure shows the NPV development for the three price 
scenarios over the 20 year economic life. Currency: SEK. 
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4 Discussion 
The case study has shown some interesting results. Heat recovery installed in mine 
ventilation shafts has positively affects the heat demand of the heating system by 
decreasing it from 196 GWh to 169 GWh – a 14 % decrease. From fuel use point of 
view, it is interesting to note the fuel based heat production decreases by 67 %.  

It has also shown one of the strengths with optimisation modelling as a way of 
evaluating investment alternatives. The optimisation model’s ability to direct optimally 
heat in the system during both times of surplus and deficit leads to new information 
regarding the dynamic behaviour of the heating system.  The interaction effects of case 
3 is the most obvious example. Without optimisation modelling the interaction effects 
of the two investment alternatives would have been hard to predict.  

4.1 Case 1 – Heat recovery 
The dramatically decreased fuel based heat production of 67 % is one of the most 
notable results of case 1. The dramatic decrease is explained by the fact that the heat 
recovery is working at its peak thermal power during periods when the probability of 
waste heat shortage is largest, i.e., during periods of very low outdoor temperatures. 
About 10 GWh, of the 27 GWh saved with heat recovery is fuel based heat while the 
total share of fuel based heat production in the system is 7.5 %. Heat recovery can be 
said to target efficiently the fuel-based heat production – the most costly share of the 
heat production.  

There is also another interesting aspect of the results of the case. From a company 
perspective it might even be the most interesting result. For this case, three utility 
boilers were not utilised at all for the whole year under analysis. With some of the 
boilers in the heating system is getting old and will soon need replacement there is an 
option to invest in heat recovery instead of investing in new boilers.  

4.2 Case 2 – Waste heat power generation 
The results of case 2 show a significant increase in waste heat use for the heating 
system. The heat use in the system increases by 154 GWh allowing for an electricity 
production of 15 GWh. The degree of utilisation for waste heat rises from 53 % to 97 % 
compared to case 0.  Only a small amount of surplus waste heat – (9.8 GWh) is unused. 
The surplus waste heat is still mainly present during summer months but to some 
extent it is also present during winter months where the availability of waste heat is 
lower than the model’s threshold for waste heat power production start.   



4.3 Case 3 – Combined measures 
The results from case 3 share some of its results with the cases 1 and 2. However, 
some interesting interaction effects between the two investment cases appear. The 
case shows to what extent increased waste heat availability could be made useful by 
the waste heat power generation.  

The waste heat availability for electricity production increases by 10 % - from 163 GWh 
to 180 GWh with heat recovery installed – an increase of 17 GWh. At the same time 
the waste heat utilisation for power generation increases slightly more, 18 GWh, from 
154 GWh to 172 GWh. The increased waste heat use for power production yields an 
increased electricity production of 12 % - from 15 GWh to 17 GWh.  

4.4 Investment profitability analysis 
As energy prices in the profitability analysis are from official sources rather than the 
actual energy prices of LKAB, little can be said about the actual profitability of the cases 
in this paper. However, the analysis gives an interesting insight into both the effects of 
energy price changes and as a measure of how the interaction effects from case 3 
affects the profitability of the investments.  

The three energy price scenarios show that the profitability of any case depends on 
future energy prices. However, the NPV development for case 1 (Figure 10) suggests 
that the potential of installing heat recovery to the mine ventilation system looks very 
promising regardless of which scenario is chosen.  

The cases including waste heat power generation in general show a lower profitability 
compared to the capital cost. The reason for this is a combination of energy prices, 
equipment efficiency, and capital cost. The equipment efficiency and investment cost 
are technological aspects that will probably change with continued development of 
ORC technology. The price is something completely different.  

Currently in Sweden, renewable electricity producers are subsidised and the 
subsidiaries are paid by the non renewable electricity producers. Due to the non 
renewable source of the waste heat at LKAB, and many other industries in Sweden, 
does not receive such subsidiaries. This issue has been the topic of some debate. In 
Sweden, vast amounts of low grade waste energy is currently being disposed of – 
especially during summer. If subsidiaries similar to the subsidiaries given to renewable 
electricity production could be handed out also to waste heat power generation, this 
might change in the future.  



The interaction effects in the combined case are also interesting to note. With heat 
recovery installed in combination with ORC equipment the profitability reached 
exceeds the sum of the two by far. The NPV sum of cases 1 and 2 amounts to 35, 65 
and 113 million SEK for price scenarios 1, 2 and 3 respectively. For the combined case, 
the interaction effects give corresponding NPV values of 42, 76 and 126 million SEK. An 
average profitability increase of 16.1 % is achieved by the interaction effects.  

There is also an aspect to the results of the cases with waste heat power generation 
that needs to be addressed. In recent years, the heat sales to the municipal district 
heating system in Kiruna have been very limited. Therefore, the heat sales have been 
omitted in the model. If heat sales were to increase in the future it would totally alter 
the profitability of the investment in waste heat power generation. The relatively low 
efficiency of the power generation from waste heat makes heat sales far more 
profitable than power generation.  

5 Conclusions 
The main objectives of this paper were to present the development and application of 
a multi period MILP optimisation model of LKAB’s industrial heating system in Kiruna 
and to analyse and evaluate two measures for improved waste heat utilisation; the 
introduction of heat recovery in the mine ventilation system and waste heat power 
generation. Four cases, one reference case and three investment cases were analysed 
and compared. The cases are evaluated from a profitability point of view under three 
possible future energy price scenarios.  

 Heat recovery decreases fuel based heat production by 67 %, decreases the 
total heat demand by 14 % and increases surplus waste heat by 10 %. 

 The decreased heat recovery installation has the potential to replace old utility 
boilers in the heating system. 

 Waste heat power generation alone is profitable in two of the three energy 
price scenarios. In the combined case profitability is reached in all cases. 
However, being a more costly and complex investment than heat recovery, 
waste heat power generation means a significantly higher risk.  

 A combined investment of heat recovery and waste heat power generation has 
a positive influence on the power generation investment. The increased waste 
heat availability allows a  
12 % increase in electricity generation and a 16 % increase in profitability. 



 While waste heat power generation is profitable under some prerequisites - 
heat sales to the municipal heating system would probably be more profitable 
in most cases.  
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